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Abstract
By redesigning the established methylene blue reduction test for bacteria and yeast, we
present a cheap and efﬁcient methodology for quantitative physiology of eukaryotic cells
applicable for high-throughput systems. Validation of the method in fermenters and high-
throughput systems proved equivalent, displaying reduction curves that interrelated
directly with CFU counts. For growth rate estimation, the methylene blue reduction test
(MBRT) proved superior, since the discriminatory nature of the method allowed for the
quantiﬁcation of metabolically active cells only, excluding dead cells. The drop in meta-
bolic activity associated with the diauxic shift in yeast proved more pronounced for the
MBRT-derived curve compared with OD curves, consistent with a dramatic shift in the
ratio between live and dead cells at this metabolic event. This method provides a tool with
numerous applications, e.g. characterizing the death phase of stationary phase cultures, or
in drug screens with pathogenic yeasts. Copyright © 2015 John Wiley & Sons, Ltd.
Keywords: Saccharomyces cerevisiae, metabolically active cells, quantiﬁcation, high
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Introduction
Several standard microbiological procedures have
been established to differentiate between viable
and non-viable cells. Classical microbiology
equates viability with culturability, and resear-
chers typically differentiate viable and non-viable
cells as metabolically active or inactive, respec-
tively (Kaprelyants et al., 1993; Kell et al.,
1998). The determination of metabolically active
or culturable, viable cells is an essential analytical
measurement in the physiological evaluation of
cell cultures. Such data can be used for process
optimization or for understanding cell death
mechanisms as a means of controlling pathogenic
organisms.
One of the most commonly applied methods
for estimating viability in microbial cultures
is to count colony-forming units (CFU) on plates.
However, these methods have several disadvantages;
particularly time, labour and inaccuracy (Stentelaire
et al., 2001; Vaija et al., 1993). A widely applied
method to evaluate microbial load is optical den-
sity measurement, where both live and dead cells
are pooled. In this case, the disadvantage is that
there is no distinction between dead/live microor-
ganisms and, moreover, the sensitivity of OD is
very limited.
Live and dead cell ratios may also be assessed
using commercially available live/dead staining kits
(such as those available fromMolecular Probes Inc.)
or enzymatic assays. A major disadvantage of these
methods, besides being expensive and time consum-
ing, is the need for dedicated instruments, such as
ﬂuorescence microscopes and ﬂow cytometers
(Davey and Kell, 1996; Karner and Fuhrman,
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The methylene blue dye reduction test (MBRT) is
widely used in the dairy industry to determine the mi-
crobial load in milk. This method relies on sample
decoloration rate as a prognostic indicator for the mi-
crobial load in the sample. Although the mechanism
by which methylene blue is reduced has not been en-
tirely elucidated, it is suggested to be a combination
of oxygen consumption in conjunction with produc-
tion of redox equivalents and reduction directly by
membrane-bound reductases (Pettipher et al., 1980;
Atherton and Newlander, 1977; Learoyd et al.,
1992). TheMBRT technique has previously been de-
scribed for bacterial and, more recently, yeast cell
cultures, focusing on quantiﬁcation of metabolically
active bacteria and evaluation of overall yeast vital-
ity, respectively (Bapat et al., 2006; Li et al., 2011).
Although the method has been described for yeast,
previous work focused solely on evaluation of cul-
ture vitality as a means of identifying when a culture
is at its metabolic apex and, therefore, optimal as an
inoculum for a new fermentation (Li et al., 2011).
In a recent study, an absorption and desorption assay
based on methylene blue was devised, proving a
linear correlation between methylene blue
absorption/desorption and dry weight (Fischer and
Sawers, 2013); this method, however, necessitates
microorganism-speciﬁc correlation coefﬁcients. In
this study we expanded the MBRT method to a
high-throughput quantitative tool for the physiologi-
cal characterization of yeast, with full scalability from
1 litre bioreactors to a high-throughput microtitre
scale. By discriminating between metabolically
active and inactive cells, this method allows for the
establishment of growth rates, representing only the
relevant cultivable fraction of the cultures, not attain-
able with standard methods. This discriminatory na-
ture of the method further enables the detection of
the viability drop at the diauxic shift and for death
phase characterization, with further applications in
studies where cell viability and death measurements
are required, e.g. antimicrobial screening (Holm
et al., 2014). Finally, the presented method offers
an attractive alternative for CFU estimation com-
pared with the traditional spread-plate technique.
Materials and methods
Microorganism
Saccharomyces cerevisiae CEN.PK113-7D (MATα,
MAL2-8c SUC2) was applied as themodel organism
for this study. The strain was maintained on yeast
extract–peptone–glucose agar plates. A single
colony from a plate was subcultured before each test
in a shake ﬂask with 100ml sterile minimal medium
and grown for 14–16h at 30°C at 150 rpm. Bioreac-
tors and microtitre plates were inoculated to
OD=0.01 and the entire submerged cultivation
process carried out over ~30–40h.
Media
Yeast extract, peptone and glucose medium (YPG)
was used throughout the experiments to grow the
organism. YPG agar was used for culture
maintenance on plates and for viable counts, using
the spread-plate method. The minimal medium
composition used for cultivation in either the
bioreactors and in 48-well plates was as follows:
20g/l glucose, 5g/l ammonium sulphate, 3g/l
monopotassium phosphate, 0.5g/l magnesium
sulphate, 1ml trace metal solution, 1ml vitamin solu-
tion, 50μl antifoam 204 (Sigma-Aldrich, St. Louis,
MO, USA). The trace metal solution consisted of
15g/l EDTA (sodium salt), 0.45g/l ZnSO47H2O,
1g/l MnCl22H2O, 0.3g/l CoCl26H2O, 0.3g/l
CuSO45H2O, 0.4g/l Na2MoO42H2O, 0.45g/l
CaCl22H2O, 0.3g/l FeSO47H2O, 0.1g/l H3BO3
and 0.1g/l KI. The vitamin solution contained
0.05g/l biotin, 0.2g/l p-amino benzoic acid, 1g/l nic-
otinic acid, 1g/l Ca-pantothenate, 1g/l pyridoxine–
HCl, 1g/l thiamine–HCl and 25g/l myo-inositol.
For high-throughput experiments, the medium was
supplemented with 100mM 4-morpholine-ethan-
osulphonic acid hemisodium salt (MES) buffer
(Sigma-Aldrich) and adjusted to pH 5; 1%methylene
blue dye (Sigma-Aldrich) was used throughout the
experiments. The chemicals for YPG and minimal
medium were obtained from Merck Millipore
(Darmstadt, Germany) or Sigma-Aldrich.
Standard calibration curve and sensitivity analysis
of MBRT
Correlation curves for optical density, viable cells
and methylene blue decoloration rates were based
on yeast shake-ﬂask cultures incubated at 30°C un-
der constant shaking at 150 rpm. The whole culture
(about 100ml) was aseptically harvested after 16h,
while still in the exponential growth phase, and
centrifuged at 17 000×g for 10min at 4°C, after
which serial dilutions were prepared in phosphate-
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buffered saline (Bapat et al., 2006). The sensitivity
analysis, previously described by Bapat et al.
(2006), was modiﬁed for the automated high-
throughput set-up in 96-well plates and performed
in triplicate.
In brief, serial diluted yeast samples were dis-
pensed in aliquots of 100μl into a 96-well plate
(Greiner Bio-One, Frickenhausen, Germany) and
the optical density (OD) measured at 600nm. After
OD measurement, 2μl methylene blue dye was au-
tomatically dispensed into the wells and the plate
subsequently shaken for 5 s before colour reduction
time was recorded by kinetic measurements at
650nm. For validation, three or four diluted yeast
samples were applied for CFU spread-plate counts
and incubated at 30°C for 36h prior to counting.
S. cerevisiae growth experiment in bioreactors
The reference cultivations of S. cerevisiae were car-
ried out in batch bioreactors with a working volume
of 1 litre (Applikon Biotechnology, Schiedam, The
Netherlands). Temperature was maintained at 30°
C, agitation at 600 rpm and aeration was set to 1
vvm. pH 5 was maintained by automatic addition
of 2 N NaOH; the pH electrode (Mettler Toledo,
OH, USA) was calibrated according to the manufac-
turer’s standard procedures. The bioreactors were
equipped with a condenser to avoid evaporation
from the medium. The efﬂuent gas from the fermen-
tation was monitored using an acoustic gas analyser
(1311, Innova Air Tech Instrument A/S, Nærum,
Denmark). Samples were taken at regular intervals
for optical density measurement, viable plate count
and MBRT. The decoloration slope for each sample
was evaluated spectrophotometrically over a 200s
period, following the procedure outlined in Bapat
et al., 2006. Experiments were conducted as three
true replicates, with the average reported. The linear
interval obtained from the sensitivity analysis was
correlated with the MBRT to yield CFU estimates,
which was validated by independent CFU counts.
Standard calibration curve and sensitivity analysis
of MBRT
For high-throughput fermentations, the inoculum
was prepared from overnight cultures to a ﬁnal
OD=0.01. The inoculum was automatically seeded
into 48-well microtitre plates (Greiner Bio-One) in
aliquots of 400μl, using a STAR liquid handling
workstation (Hamilton, Bonaduz, Switzerland),
with an integrated Thermo Cytomat 2 C450 shaking
incubator (Thermo-Fischer Scientiﬁc, Waltham,
MA, USA) and Biotek Synergy 2 microplate reader
equipped with a dual reagent dispenser (Biotek,
Winooski, VT, USA). The outer wells were ﬁlled
with water to reduce the effects of evaporation on
the microcultures and four inner wells were ﬁlled
with medium, serving as negative references. The
plates were incubated at 30°C in the integrated incu-
bator under constant shaking at 1200 rpm with an
amplitude of 3mm. Humidity was kept constant by
a heated water bath integrated into the shaking incu-
bator. The handling workstation was programed to
extract individual plates from the incubator at user-
deﬁned time intervals (~2h) for measurements and
liquid handling. As a precaution, random samples
were taken and investigated under the microscope
for cross-contamination.
Brieﬂy, plates were extracted and transported by
the handling system to the plate reader for OD
measurements, after which samples of 100μl from
three individual wells were automatically sampled
for the MBRT method. The 48-well cultivation
plate was then returned to the incubator. Finally,
the 96-well plates containing the samples was
transferred to the plate reader, where 2μl methy-
lene blue dye was dispensed into the wells, using
the inbuilt dual reagent dispenser. The methylene
blue was mixed in by continuous shaking and re-
duction time was recorded using kinetic measure-
ments at 650nm over 2min, at 7 s intervals.
Results and discussion
The principal aim of this study was to introduce
an efﬁcient and inexpensive tool for quantifying
metabolically active yeasts and relating this to ac-
tual OD measurements. The scalability was thor-
oughly challenged in bioreactor settings and
microtitre plates before introduction of an auto-
mated high-throughput set-up. Through these
studies, a new method was developed, broaden-
ing the range of physiological parameters that
may be evaluated in automated high-throughput
settings. This new tool is well suited for auto-
mated growth curve analysis and will be highly
applicable for automated high-throughput antimi-
crobial drug screening, such as described in Holm
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et al. (2014). Towards the aim of implementing
MBRT for a high-throughput set-up for S.
cerevisiae, we focused on bioreactors as reference
for the high-throughput system.
Comparing OD and CFU with MBRT
The sensitivity analysis using S. cerevisiae demon-
strated that the MBRT-derived decoloration slope
can be used to correlate the OD of metabolically
active cell cultures with CFU for an order of
magnitude >1000 cells. By adding in this step,
the MBRT method times were reduced from sev-
eral hours to ~40–60 s. The correlation of MBRT
slope to OD and CFU (as shown in Figure 1a, b,
respectively) was established to be linear and sen-
sitive. The linearity of the MBRT slope was docu-
mented up to OD=10, resulting in a range of
102–107 cells for the viable count.
Verifying the MBRT in the robotic set-up
To validate the correlations observed from the sen-
sitivity analysis, and to establish the applicability
of the MBRT, samples from an exponential grow-
ing culture were challenged with a range of differ-
ent concentrations of ethanol (10–50%), with the
purpose of inhibiting/killing portions of the cells.
These samples were divided into two fractions,
one used for a spread-plate CFU experiment and
the other applied for MBRT. By utilizing the previ-
ously established relationship between MBRT
slopes and metabolically active cells (based on
CFU/ml), it was possible to quantify the concentra-
tion of metabolically active cells in the samples.
Finally, these calculated concentrations were
shown to be well correlated with the results gener-
ated on the spread plates, validating the methodol-
ogy. All experiments were carried out in duplicate
to establish the robustness of the method through
Figure 1. MBRT sensitivity and validation. (A) Correlation between OD and MBRT slope: open circles, experimental points;
solid line, best ﬁt with R2 = 1; best-ﬁt equation given by y=0.0008x. (B) Correlation between CFU and metabolically active
cells calculated from the MBRT slope; in this case, Log(MBRT slope) and Log(CFU) were ﬁtted as a straight line; solid line,
best ﬁt with R2 = 0.99, best-ﬁt equation given by y=–0.5848x+ 6.0032. (C) Inhibition experimental data from ethanol concen-
tration in S. cerevisiae, where open square and open circles describe the CFU from MBRT and from agar plates, respectively.
(D) Methylene blue decoloration rates (slopes), recorded as a kinetic measurement at 650 nm over 2min at 7 s intervals;
MBRT was determined from the slope in the linear phase
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evaluation of the standard deviations (SDs), as il-
lustrated in Figure 1c. Figure 1d shows the time
proﬁle of the methylene blue decoloration at
650nm as an output of the kinetic measurements
(see Materials and methods).
Assessment of metabolically active cell number
by MBRT
To evaluate the applicability of the method as a
tool for physiological characterization, it was
tested in a standard physiological characterization
of a batch cultivation of S. cerevisiae CEN.
PK113-7D. Figure 2a displays the actual OD mea-
surements for the full batch characterization (open
triangles) plotted with the calculated OD, based on
the MBRT (open circles). From this ﬁgure it is ev-
ident that there was a high degree of correlation be-
tween the OD values for the entire exponential
growth phase, and it was only as the culture en-
tered the stationary phase that substantial devia-
tions started to occur. These deviations were in
fact representative of the drop in metabolic activity
observed as the culture progressed into the station-
ary phase. Since OD measurements are non-
discriminating with regard to the metabolic state
of the cells, the calculated ODs based on the
MBRT measurements are actually a better physio-
logical tool for characterizing microbial growth
phases. This was further evident from Figure 3b,
in which the decoloration rates are plotted against
time, yielding a growth curve entirely based on
only live, metabolically active and dividing cells.
Closer investigation of the MBRT-based growth
curve in Figure 2b further reveals a sharp drop in
metabolic activity at 23h, consistent with the
diauxic shift, which is less pronounced in the case
of the non-discriminatory OD curve of Figure 2a.
Extrapolation of the growth rate from both this
curve and the corresponding curve based on OD
measurements were in good agreement with the
OD-based μmax=0.372±0.01/h and the MBRT-
based one resulting in μmax=0.365±0.03/h, both
correlating well with the literature (Bakker et al.,
2000). Although easily within reasonable SD, the
slightly lower growth rate based on the MBRT
may be explained by the fact that this measurement
does not take the increasing fraction of non-
metabolic active cells into account. In Figure 2c
the calculated concentration of metabolically active
Figure 2. Physiology of S. cerevisiae 113-7D correlated to MBRT slope. (A) Correlation between actual OD (open triangle)
and calculated OD from the MBRT slope (open circle). (B) Change of MBRT slope with time (open triangle). (C) Correlation
between actual CFU from plate method (open square) with the metabolically active cell count from the MBRT slope (open
triangle)
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cells is plotted against CFU spread-plate results,
proving the method highly accurate, with only minor
SDs attached to each individual measurement.
High-throughput scalability study
The high-throughput, microtitre-based cultivations
were evaluated on two levels to ascertain the scal-
ability of the MBRT methodology and to evaluate
the applicability of the high-throughput method for
growth rate characterization.
Growth rates were calculated by measuring the
OD of the individual wells of the microtitre plates
over time, thereby treating each well of the micro-
titre plates as separate biological replicates (n=49;
data not shown). In addition to this individually-
based calculation strategy, the results on a plate
to plate level (n=3) were summarized and plotted
as a single growth curve by taking the average op-
tical density of up to 20 well replicates and plotting
them for the individual time points at which the
plates were measured. This strategy of evaluating
the growth rate as a total of all individual wells,
but also summarizing all plate results as coherent
measurements resulting in a single growth curve,
makes it possible to ascertain the robustness of
the methodology. This was evaluated using one-
way ANOVA for the individual growth rates, eval-
uated as the three different populations represented
by the separate microtitre plates. With a population
variance in the range σ2=2.89–5.88×10–5 and the
test displaying no statistically signiﬁcant differ-
ences [F(2,48)=0.439, p=0.347], the methodol-
ogy was considered robust. The individual well
assessment resulted in a maximal growth rate of
μmax=0.366±0.007/h (Figure 3a), with a total
sample variance of σ2=4.38×10–5. The low vari-
ance and the fact that the individual growth rates
displayed no signiﬁcant differences indicates that
the growth phase of each individual well follows
an almost identical course, which opens up for
the possibility for treating individual wells as rep-
resentative for single batch cultivation.
To test the downscaledMBRTmethodology, trip-
licate samples were automatically harvested at user-
designated time points and treated with methylene
blue, in accordance with the described method,
before the decoloration rates were recorded. In
Figure 3. High-throughput physiology data. (A) Overall OD, summarized on a plate-to-plate basis (n = 3), with the OD of up
to 20 individual wells logged with their respective SDs on a time-point basis. (B) OD=600 nm (open diamond) demonstrates
the same speciﬁc growth rate that was measured from the MBRT slope (open triangle) and it is similar to the maximum
speciﬁc growth rate from batch cultivation of S. cerevisiae 113-7D. (C) Correlation between actual OD (open triangle) and
calculated OD from MBRT slope (open rectangle)
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Figure 3b the decoloration rate vs sample time point
are plotted, together with the OD at the sample time
point. Extrapolation of the growth rates from both
the MBRT and OD curves are in good agreement
with the OD-based μmax=0.367±0.009/h and the
MBRT-based one resulting in μmax=0.371±0.007/
h (Figure 3b). Although in overall good correlation
with both literature and bioreactor data, a higher
degree of evaporation must be expected, which
could affect growth physiology. With evaporation
not accounting for more than approximately 5% in
the presented case, the results were not substan-
tially affected and evaporation was disregarded.
However, for slower-growing microorganisms,
including more in-depth physiological analysis,
evaporation becomes a factor that should be taken
into account.
Conclusions
This study was an extension of previous work on
prokaryotes, and in part yeast, using methylene
blue reduction to gauge metabolic activity in cells
in order to correlate CFU with OD. In this study
we have shown that the method could be efﬁ-
ciently extended to also include eukaryotes and
that, with few modiﬁcations, it is adaptable for
high-throughput systems. This modiﬁed method
allows for fast and automatic assessment of the
physiological state of the culture and, due to the
discrimination between metabolically active and
inactive cells, a superior method for estimating
bioprocess-relevant growth rates. In addition, the
accurate quantiﬁcation of metabolically active
cells in a culture makes it a good alternative to
the more laborious and time-requiring method of
colony counting. The method could further be
adapted for antimicrobial screens that are com-
monly carried out in microtitre plates. Here, this
method would offer a signiﬁcantly cheaper alterna-
tive to many of the staining procedures applied
with regard to time, manpower and running costs.
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